The role of additive manufacturing for the hot section components of gas turbine engines grows ever larger as progress in the industry continues. The opportunity for the heat transfer community is to exploit the use of additive manufacturing in developing nontraditional cooling schemes to be built directly into components. This study investigates the heat transfer and pressure loss performance of additively manufactured wavy channels. Three coupons, each containing channels of a specified wavelength (length of one wave period), were manufactured via direct metal laser sintering (DMLS) and tested at a range of Reynolds numbers. Results show that short wavelength channels yield high pressure losses, without corresponding increases in heat transfer, due to the flow structure promoted by the waves. Longer wavelength channels offer less of a penalty in pressure drop with good heat transfer performance.
Introduction
Advancements in additive manufacturing technology continuously prove and further secure the technique's place in the manufacturing world. The use of additive manufacturing, also generally known as 3D printing, eliminates geometric design constraints imposed by conventional manufacturing techniques. Many different layer-by-layer additive processes fall under the umbrella term 3D printing, but additively manufacturing metals is achieved through three processes: Electron beam melting, selective laser melting (SLM), and selective laser sintering (SLS). SLS methods or, more specifically direct metal laser sintering (DMLS) methods, are especially appropriate for building production-grade parts due to the ability to use high temperature alloys in the process. This advantage makes the DMLS process ideal for producing gas turbine components that must perform well under high thermal stresses.
Freedom from geometric constraints imposed by conventional manufacturing significantly opens up the design space. The internal cooling channels of gas turbine airfoils can assume shapes based not on their ability to be manufactured but on their ability to perform well from a heat transfer and pressure loss standpoint. To that end, this paper examines the heat transfer and pressure loss performance of microchannels whose design was motivated by the induction of vortical mixing, a benefit to heat transfer. These microchannels are members of a class of cooling channel designs previously presented in the literature that have shown promise in other fields, such as electronics cooling [1] [2] [3] [4] .
Three variations of wavy microchannels were manufactured through DMLS and investigated both computationally and experimentally. Experimental results will be presented for a range of Reynolds numbers and will be compared to the computational predictions. The uniqueness of this study comes in both the manufacturing of these wavy channels and the experimental procedure; the performance of complex DMLS channels at engine-relevant Reynolds numbers has not been previously reported.
Literature Review
Because the DMLS process is relatively new, many previous studies have sought to characterize the parts that the process yields. Khaing et al. [5] evaluated the roughness and tolerance of DMLS parts through manufacturing cylinders, cones, rectangular ribs, and other small features; the authors fabricated parts using a state-of-the-art laser sintering machine [5] . Dimensional errors for these specific parts were found to vary between 0.003 mm and 0.082 mm. Ning et al. [6] reported that smaller geometries are more susceptible to dimensional errors due to the inherent shrinkage in DMLS parts. Dimensional errors are dependent on material, machine properties, and the geometry of the part and are critical to know for cooling of turbine components. Delgado et al. [7] investigated the influence of process parameters, namely laser scan speed, layer thickness, and build direction, on the final part. The authors reported that build direction had the largest effect on the quality of the final part, where quality was evaluated from both dimensional accuracy and mechanical properties of the part.
The surfaces of DMLS parts are intrinsically rough; while outward-facing surfaces can be smoothed via machining, internal features, such as microchannels, cannot be postprocessed easily. Kandlikar et al. [8] argued the need for nontraditional parameters, such as constricted flow area, to describe surface roughness more accurately for internal passages. The authors found that, especially in microchannels, the waviness and three dimensionality of surface irregularities have a large effect on the flow structure. Huang et al. [9] studied flow through pipes of very high relative roughness, up to 42%. The authors found that the friction factor in laminar flow yielded higher values than the theoretical 64/Re and the transition to turbulent flow occurred below Reynolds numbers of 2000 when relative roughness exceeded 7%. Dai et al. [10] independently reported similar findings through examining liquid flow through mini channels. The authors found that channels whose relative roughness surpassed 2% exhibited higher friction factor at low Reynolds numbers than laminar theory predicted.
Stimpson et al. [11] examined the effects of surface roughness on flow structures in DMLS parts containing microchannels. In a related study, Snyder et al. [12] analyzed the effect that build direction had on flow structures in similar DMLS parts, paying particular attention to the different roughness features generated by the different build orientations. The authors of both studies reported relative roughness values ranging between 20% and 38% of the channel hydraulic diameters and proved that correlations for friction factor and heat transfer no longer hold true for surfaces with such high roughness values. Both studies confirmed the findings of Norris [13] in showing that the rough DMLS surfaces augment the heat transfer only to a point; when the friction factor augmentation exceeds four, heat transfer augmentation is no longer affected by increasing surface roughness.
Few other studies examined heat transfer and pressure loss measurements for DMLS parts, though focused on external surfaces only. Ventola et al. [14] provided an in-depth investigation of heat transfer and pressure loss measurements on DMLS parts, but only examined external finned surfaces. Wong et al. [15] and Manglik and Bergles [16] both used SLM to create novel designs for heat sinks.
Investigation on microchannel heat sinks, using internal cooling passageways as opposed to finned surfaces, is another field in which additive manufacturing and 3D printing are gaining much interest. Numerous studies [1] [2] [3] [4] 16, 17] have looked at wavy channels as a way to cool electronics, in situations where large pressure losses or high mass flow rates are not applicable. A class of studies [4, 18, 19] investigated wavy channels whose walls were aligned such that the flow navigated converging-diverging passages. A key finding from these studies was that a high pressure loss through these channels was seen due to flow separation from the wall, which led to vortices forming in the cavities of the waves. Additional studies examined wavy channels whose crosssectional area was kept the same. Snyder et al. [20] performed an experimental study on wavy channels and reported increased heat transfer with a minimal increase in friction factor. However, only one wall was heated in the authors' experiment. Sui et al. [3] performed a numerical study on wavy microchannels and showed that vortical structures move along the flow direction and continuously change as they move downstream, thus providing good heat transfer over the length of the channel. Singh et al. [1] also performed a numerical study on wavy channels and wavy channels connected via branches. The authors demonstrated that the wavy channels exhibited high heat transfer performance, without a large penalty in pressure drop. The study focused on low Reynolds numbers. This study by Singh et al. provided the motivation for the current study: the design of the current wavy channels mimicked that of the study by Singh et al.
This review of relevant literatures sets up the motivation behind this study and exposes a research area that remains unexplored: the marriage of knowledge on additive manufacturing capabilities with ideas of successful cooling schemes from across thermal management disciplines. This study is unique in that it considers the potential of wavy channels, a method used in small-scale electronics cooling, for use in cooling gas turbine components and assesses the channels' performance at high Reynolds numbers when manufactured additively.
Description of Test Coupons
Three different test coupons were designed and additively manufactured using Inconel 718 for this study. Each coupon was designed to be 25.4 mm in length and in width, with the height of the coupon set to 1.52 mm. The coupon wall thickness neared the lower limit of the manufacturing capability at 0.25 mm. Flanges were manufactured on each test coupon for ease of experimental investigation and also served as anchors for the part's support structures in the build, as can be seen in Fig. 1 . The coupons were built at 45 deg relative to the flow direction.
The waves of all three wavelengths investigated were drawn from four 45 deg arcs, whose connecting tangents were set to be equal. The channels were formed by sweeping a rectangle along the resulting curve; the rectangle was kept normal to the wave beginning and end. Thus, the flow saw a slight reduction in crosssectional area as it moved through the channels that were dependent on the waviness of the channel. The change in cross-sectional area was periodic and is shown for one period of each of the cases in Fig. 2 . The minimum hydraulic diameter was used as the length scale in all friction factor and heat transfer calculations. Figure 3 displays a visual representation of the test matrix used in this study. Waviness of the channels was quantified by setting the ratio of wavelength, k, to coupon length, L. Three ratios of 0.1, 0.2, and 0.4 were used, whereby a ratio of 0.1 represented the highest frequency wave and a ratio of 0.4 represented the lowest frequency wave. Equal-length segments (40% of the coupon length) of each wavelength investigated are shown in Fig. 3 ; that is, one period of the k ¼ 0.4L case, two periods of the k ¼ 0.2L case, and four periods of the k ¼ 0.1L case. Figure 4 illustrates the four 45 deg arcs and the channel construction around the resulting wavy line.
The coupons were manufactured using a state-of-the-art DMLS machine, using the process parameters (material scaling, layer thickness, and beam offset) outlined in the manufacturer's specifications [21] and given in Table 1 for Inconel 718. Adjusting process parameters to obtain final parts that matched the original design more closely was outside of the scope of this study.
Geometric Characterization
In the DMLS process, metal powder is sintered together via a high powered laser beam. To ensure adequate contact between the layers, the laser sinters powder deeper than the top-most layer. Where layers do not form directly atop one another, for example on downward facing surfaces, sintered powder particles can form beneath the top-most layer. For this reason, all downward facing surfaces, including internal downward facing surfaces, of DMLS parts are inherently and irregularly rough [12] . An important part of analyzing the experimental data came in properly characterizing the internal surfaces of the part, which included determining the roughness of each surface and, equivalently, the true crosssectional area and wetted surface area.
Parts and supports were removed from the DMLS build plate via wire electro discharge machining (EDM). Outer faces of the parts were able to be machined and smoothed, but inner surfaces remained untouched. To determine the internal surface characteristics in each coupon, Computed X-Ray Tomography (CT scan) was used.
A CT scan takes a series of 2D images of an object that can later be combined to form a 3D reconstruction of that object. The virtually reconstructed object forms at varying levels of grayscale, which correspond to varying levels of material density. In the case of these coupon scans, the resolution (voxel size) achievable by the CT scanner was 35 lm.
To analyze the coupon scans, a commercial software was used to combine the 2D images into the reconstructed coupon [22] . The software achieved surface determination accuracies of one tenth the voxel size, or 63.5 lm; algorithms within the software compared local grayscale variations in each voxel to attain such accuracy. An example of a 2D CT scan image is shown in Fig. 5 with the CAD model superimposed on the image. Both internal and external coupon surfaces were determined using the software's algorithms; surface determinations allowed for the measurement of each channel's cross-sectional area and perimeter, from which a hydraulic diameter could be calculated.
Essential in determining the surface area of each channel was the need to characterize the channel roughness. As was to be expected, each of the channel walls exhibited varying levels of roughness due to the build direction that was chosen; the top and left walls of each channel, from the perspective of Fig. 5 , were always unsupported during the build. The consequence of these unsupported walls was most visible in the top left of each channel, where the corner was rounded.
To calculate channel roughness, a point cloud of geometric data was exported from the CT scan software. Using an in-house code, a surface was fit to the channel walls and roughness features were deduced based on their deviations from the surface fit. Figure 6 shows line plots of surface roughness along the length of a representative channel at 50% of the channel height for the k ¼ 0.1L case. To note, the number of data points in each plot was the same; in the upward facing surface, data points overlapped one another. The difference in the scatter plots is clear; the upward facing surface was much smoother than the downward facing surface, which exhibited larger deviations from the fit. The roughness levels on the downward facing surface were a result of the DMLS build process, as previously shown by Stimpson et al. [11] and Snyder et al. [12] . An arithmetic roughness average, R a , was calculated using the height differences between the CT scan data and the channel wall surface fits for each of the coupons. The R a /D h values are shown in Table 2 , along with the measured hydraulic diameter, cross-sectional area, and surface area of each coupon. For reference, the design dimensions are also included. The surface roughness for all coupons, which were averaged over all channels and all surfaces, was similar, which is not surprising given the same build direction for each coupon. All coupons showed an increase in D h over the design value.
Experimental and Computational Methods
Experimental Setup. A cross section of the test facility used for these experiments is shown in Fig. 7 . This facility has been benchmarked and used by numerous investigators in our laboratory [11, 12, 23] . Air flow through the coupon emanated from a constant pressure inlet; the flow rate was then controlled via a ball valve located downstream of the test section. The mass flow rate through the system was measured using a laminar flow element (LFE). To measure the pressure drop through the coupon, pressure taps were installed upstream of the inlet contraction and downstream of the outlet expansion. Both contraction and expansion were constructed of a combination of polyether ether ketone (PEEK) plastic and nylon, as can be seen in Fig. 7 . The choice of PEEK plastic and nylon was motivated by their low thermal conductivities, which were important in mitigating heat losses during heat transfer tests. Thermocouples were located upstream and downstream of the coupon to measure the inlet and outlet air flow temperatures. The test section was compressed vertically, by way of the longer bolts shown in Fig. 7 to ensure no air leaked out of any test section interfaces. The friction factor for each coupon was obtained using Eq. (1), where DP was the pressure drop across each coupon. To account for the extra working length between the pressure taps, as well as for the loss associated with a sharp expansion at the coupon outlet, a loss coefficient of one was assumed at the coupon exit in order to calculate the pressure at the coupon exit. The value for the hydraulic diameter in Eq. (1) was taken to be the measured hydraulic diameter, which was obtained from the CT scans. The characteristic velocity was calculated from the mass flow rate, as measured by the LFE, where the value for cross-sectional area was measured from the CT scans. To calculate the density, the ideal gas law was used.
In the case of the heat transfer experiments, a constant temperature boundary condition was imposed on the test coupon from a heated copper block. A very thin layer of thermally conductive paste adhered to a surface heater to the copper block; the same paste was also used in ensuring good contact between the copper block and the test coupon. Rigid foam surrounded the heated system to reduce the heat losses and was sandwiched between two pieces of PEEK plastic. Thermocouples were embedded in the copper block and in the rigid foam, in addition to being adhered to the surface heater and to the outside of the rigid foam to quantify the conduction losses through the system. A detailed description of the conduction loss calculations, which were performed using a 1D approximation and the above-mentioned thermocouples, can be found in Ref. [11] . The most significant losses were through the rigid foam surrounding the copper blocks. In the worst case scenarios, which occurred at low Reynolds numbers, conduction losses amounted to 8% of the total heat transfer; at Reynolds numbers above 3000, conduction losses amounted to under 5% of the Fig. 6 Line plots of surface roughness on two surfaces from one channel. The line is the curve fit to the surface and the scatter in the plot represents the points on the surface that deviate from the fit. Fig. 7 Rendering of the test section setup for both pressure loss and heat transfer measurements total heat transfer. The measured conduction losses were relatively constant over the range of Reynolds numbers tested. Therefore, at higher Reynolds numbers where higher heat input was required, the percentage of conduction losses with respect to the total heat transfer was low. The temperature of the coupon surface, T s , was calculated using a one-dimensional heat transfer analysis, which is described in detail in Ref. [11] . The temperature of the copper block, T Cu , was measured using thermocouples embedded halfway between the coupon surface and the rigid foam block. Previous research using this experimental setup showed the assumption of constant temperature boundary condition was validated [23] . The thermal conductivity of the test coupon was taken to be equaled to that of stock Inconel 718. The vendor ensured a dense final part with very little porosity [24] .
Heat into the system was set via power supplies connected to the surface heaters. The log mean temperature difference was calculated using Eq. (2), which was needed in calculating the heat transfer coefficient, obtained from Eq. (3). The subscripts 1 and 2 refer to the entrance and exit of the coupon, respectively, and the subscript s refers to the surface temperature. The surface area, A s , in Eq. (3) was calculated from the CT scan data for each coupon.
The heat into the system was confirmed via redundant measurements: (1) direct measure of the heat from the electric heaters minus the estimated conduction losses, as previously mentioned, and (2) a first law energy balance. For each experiment, these two measurement methods were compared and agreed to within 7% except for the low Re cases (below 2000) in which the agreement was better than 15%.
Uncertainty Analysis. Measurement uncertainty was quantified using the method outlined by Kline and McClintock [25] . Uncertainty in friction factor measurements was dominated by the range of differential pressure transducers used to measure pressure drops across the LFE and across the coupon. The low Reynolds numbers in these experiments approached the lower limit of even the smallest pressure transducers. For this reason, uncertainty in friction factor at low Reynolds numbers approached 23%. However, for Reynolds numbers above 2000, friction factor uncertainty for all cases was below 10%.
Uncertainty in Nusselt number was dominated by the uncertainty in obtaining accurate geometric dimensions. The accuracy in measuring channel height and width via the CT scanner was within 3.5 lm, the resolution achievable by the CT scan software. Uncertainty in geometric measurements also affected the calculation of the coupon wall temperature, which required the measurement of the coupon thickness; the log mean temperature difference, therefore, was the second largest contributor to the Nusselt number uncertainty. Overall relative uncertainty in Nusselt number ranged from 2% to 7% for all cases.
Computational Setup. Computational simulations for each of the three wavy channel cases were performed via a commercial computational fluid dynamics software [26] . The simulations were run as conjugate calculations, with the steady RANS and energy equations solved using the realizable k-E turbulence model and the SIMPLE algorithm. Roughness effects were not included in the numerical simulation, despite the magnitude of their effect on both pressure loss and heat transfer results. The interest in the computational study revolved more around understanding the major flow features.
The computational grid was set up in a commercial grid generation software [27] . The grid in each case was set up in a multiblock configuration with structured domains; spacing near the wall was refined such that yþ values remained near or below one. The number of cells in each case was 1.6 Â 10 6 . The computational domain included one full-length channel, with the side walls of the channel modeled as periodic. A mass flow inlet, at a specified pressure chosen to match the experimental inlet pressure, was applied at the entrance of each channel. The length of each channel was just under 42 times the channel hydraulic diameter and depended on the waviness of the channel; the flow was therefore taken to be fully developed over the majority of the channel length.
A pressure outlet was imposed at the channel exit. For each case at each Reynolds number, the outlet pressure value was iterated upon until the inlet pressure remained at its specified value. Constant temperature boundary conditions were applied at the top and bottom walls to mimic the experimental setup. Figure 8 shows a slice through the center of a channel segment of the mesh for the k ¼ 0.2L case.
A grid sensitivity study was performed for the k ¼ 0.2L case, where the initial number of grid cells were doubled. At a mid Reynolds number of 5000, the change in friction factor was À0.1% and the change in Nusselt number was 0.1% from the initial grid to the refined grid. Therefore, the initial grid size was deemed to have a high enough resolution for acceptable results. Sufficient convergence was determined when the normalized residuals reached 1 Â 10 À6 and typically required near 4000 iterations.
Results and Discussion
Results will be presented for the wavy channels at varying Reynolds numbers. The pressure loss through each coupon will be discussed first, followed by a discussion on the heat transfer performance.
Pressure Loss Results. To ensure accurate measurements, the test facility was benchmarked with a coupon containing smooth cylindrical channels, manufactured conventionally from aluminum; the channels were drilled and then reamed to achieve adequately smooth surfaces. The results from the smooth channel test are shown in Fig. 9 , plotted atop friction factor correlations for laminar flow (Laminar Theory, f ¼ 64/Re) and turbulent flow (Colebrook formula). The Colebrook formula is given in Eq. (4) ; the term =D was taken to be zero for the smooth coupon [28] , where D represented the diameter of the smooth cylindrical channel and represented the channel roughness Good agreement between the experimental data and the correlations was seen. Deviation from the correlations in the region in the range of 700 Re 2000 can be explained by entrance effects; with channel L/D h ratios between 20 and 63, entrance effects play a significant role on friction factor in the laminar region. However, entrance effects are not a factor in the turbulent regime due to the shorter length required to obtain fully developed flow.
Data from the wavy channel coupons are shown in Fig. 9 , as well as data from similarly sized additively manufactured straight rectangular channels taken from Stimpson et al. [11] . The measured hydraulic diameter of the Stimpson et al. rectangular channels was 0.626 mm and the ratio of roughness average to hydraulic diameter was 0.017. Stimpson et al. showed that the roughness levels resulting from the DMLS process increased the friction factors significantly, as can be seen in Fig. 9 . Not surprisingly, the wavy channels exhibited higher friction factors than their straight channel counterpart. The highest friction factor was seen in the channels with the shortest wavelength, k ¼ 0.1L, and decreased with increasing wavelength.
In wavy channels, the flow velocity periodically increases and decreases as the fluid navigates the waves; in the case of these wavy channels, this behavior was exaggerated by the changing flow area, shown in Fig. 2 . As the channel turns, higher velocity fluid hugs the inner wall while fluid near the outer wall travels more slowly. When given enough flow length, this difference in velocity creates shear stresses that can cause the formation of Dean vortices. Figure 10 shows results from the numerical study; slices of velocity vectors through each of the wavy channel cases are shown, colored by velocity magnitude. A full Dean vortex was seen to form in the k ¼ 0.4L case, with a smaller one shown in the k ¼ 0.2L case and only smaller vortical structures in the k ¼ 0.1L case. At such short wavelengths, the length between turns in the channel was not enough for the formation of the Dean vortices.
The strongest difference in velocity magnitude across the channel width was seen at the shortest wavelength k ¼ 0.1L. As a consequence of the strongly accelerated flow, areas of separation from the channel wall were seen in the k ¼ 0.1L case. Figure 10 shows regions of near zero velocity along the left wall, indicating separation from the wall. These pockets of low momentum velocity caused substantial increases in the friction factor at all Reynolds numbers studied as was shown in Fig. 9 .
Pockets of low velocity are also quite clear from Fig. 11 , which shows a top-down view of normalized velocity in a slice through the channels at 50% channel height. The highest magnitude velocity travels through the channel in a nearly straight line, bypassing the areas bounded by the peaks and troughs. Smaller pockets of low velocity were seen in the k ¼ 0.2L case and none are visible in the k ¼ 0.4L case.
Despite the difference in channel construction and roughness values between this study and other wavy channel studies, these results are consistent with those seen in literature [4, 15, [18] [19] [20] ; given enough momentum, high velocity fluid hugs the leeward wall and separates from the far wall, causing pockets of low momentum fluid and an overall higher pressure loss through the channel. The friction factors were not as high for the k ¼ 0.2L and 0.4L as the k ¼ 0.1L case, which is also expected based on the velocity contours in Figs. 10 and 11. These results are also expected due to the fact that the longer wavelength channels also had higher area contraction ratios. Figure 12 shows friction factor augmentation versus Reynolds number for each of the cases. The k ¼ 0.1L case shows a high penalty in friction factor over a straight smooth channel, with augmentation values between 8 and 15. The k ¼ 0.2L and k ¼ 0.4L cases, however, show augmentation values closer to those from the straight additively manufactured channel. The results from the numerical analysis suggest that the dominant flow feature contributing to the friction factor, outside of the high surface roughness, was the formation of low momentum pockets in the wavy channels particularly for k ¼ 0.1L. The Dean vortex formation's contribution to the friction factor was minimal; the k ¼ 0.4L case showed only a relatively smaller increase in friction factor over the additively manufactured straight channel.
Heat Transfer Results. Similar to the friction factor measurements, heat transfer measurements were validated using the same smooth, conventionally manufactured coupon. Shown in Fig. 13 , the smooth channel heat transfer results match well with the heat transfer correlation given by Gnielinski [29] , shown in Eq. (5) Results in Fig. 13 show that at low Reynolds numbers (<4000), the heat transfer data from the wavy channels exhibited higher heat transfer augmentation than the straight DMLS channels, but as Reynolds number increased, data from all four cases merged. The difference in wavelength appeared to have minimal impact on the heat transfer performance of the channels, despite the large differences in flow structure.
As previously mentioned, an upper limit to heat transfer performance in extremely rough straight channels was reported by Stimpson et al. [11] . These findings corroborated those from Norris [13] , who found that beyond a friction factor augmentation of four, a corresponding heat transfer augmentation was not seen. However, as was seen in Fig. 12 , the friction factor augmentation from all wavy channel cases surpassed four for all Reynolds numbers tested. The results from Fig. 13 indicate that the wavy channel construction, combined with the high channel roughness, yielded higher heat transfer augmentation levels. As previously discussed, wavy channels generate large differences in fluid velocity as the flow moves through the channel. Where high momentum fluid runs near a leeward wall, high heat transfer occurs; where low momentum fluid lags near the opposite wall, low heat transfer is to be expected. Figure 14 shows the Nusselt number augmentation versus Reynolds number. At low Reynolds numbers, the heat transfer augmentation of the wavy channels is 50% higher than that from the straight DMLS channel. Using the results from the numerical study, two contributors to the heat transfer can be deduced: the difference in fluid momentum as the flow navigates the waves and the roughness. At lower Reynolds number, the dominant mechanism appeared to be the flow structure while at higher Reynolds numbers, the channel roughness prevailed. Augmentation Results. A comparison of the relative performance of these wavy channels is given in Fig. 15 , where friction factor augmentation is plotted against Nusselt number augmentation. Also, included on the plot are data from various other internal heat transfer schemes [30] [31] [32] [33] . Consistent with the previous discussions, the k ¼ 0.1L case exhibited much higher friction factor augmentation than most other cases for the same heat transfer augmentation levels. However, both the k ¼ 0.2L and the k ¼ 0.4L cases showed a much increased Nusselt number augmentation for similar friction factor augmentation over the straight DMLS channel case for Reynolds numbers under 4000.
In comparing the wavy channels to conventional internal cooling geometries, the k ¼ 0.2L and k ¼ 0.4L wavy channels offered similar heat transfer performance with decreased pressure loss. In the case of the pin fin studies, the wake behind a pin fin is detrimental to the friction factor, which is a similar flow characteristic seen in the k ¼ 0.1L case; separated flow only yields high heat transfer at a high cost of pressure loss.
Conclusions
Three wavy channel coupons, each containing channels of varying wavelength, were designed and additively manufactured to evaluate pressure loss and heat transfer performance of the channels. Three channel wavelengths of k ¼ 0.1L, k ¼ 02L, and k ¼ 0.4L were investigated. Additionally, each of the channels was evaluated numerically to gain a better understanding of the flow features. Both the experimental and numerical analyses were performed over a range of Reynolds numbers. For comparison, data from an additively manufactured straight rectangular channel were included in the discussion.
The wavy channels with the longer wavelengths, k ¼ 0.2L and k ¼ 0.4L, performed well from both a heat transfer and friction factor standpoint. The long wavelength, in addition to a periodic decrease in cross-sectional area seen by the flow, allowed the flow to remain attached to the channel walls. In the case of the k ¼ 0.1L wavelength, the flow acceleration through the channels caused separation from the walls. Consequently, the friction factor seen by the k ¼ 0.1L case was significantly higher than the other two cases. These flowfield and, where applicable, friction factor results were consistent with findings from previous wavy channel experiments and numerical analyses; where flow is forced past the peaks and troughs of the waves, pockets of low momentum ensue and a penalty in friction factor is seen.
Nusselt number augmentation seen by all geometries was good, especially at lower Reynolds numbers ( < 4000). When compared to the straight DMLS channel case, the heat transfer augmentation from the wavy channels of wavelengths k ¼ 0.2L and k ¼ 0.4L was much higher for similar friction factor augmentation values. Previous studies have shown that in wavy channels, the flow remains unsteady throughout the entire channel length, which proves to be a benefit to heat transfer. In the case of the k ¼ 0.1L channels, the heat transfer augmentation was similar to the other two wavelength cases, but the friction factor augmentation was substantially higher.
Based on these results, more research is needed to determine effective DMLS microchannel design and construction. As the technology behind the DMLS process becomes better understood, researchers can take advantage of the vast, open design space available to them. While roughness in DMLS parts has been shown to increase the pressure loss, it has also been shown to increase the heat transfer. The ability to capture the heat transfer benefits while minimizing the pressure loss detriments will come with continued research and exploration beyond conventional designs. 
